ABSTRACT: Kozeny-Carman permeability equation is an important relation for the determination of permeability in porous media. In this study, the permeabilities of porous media that contains rectangular rods are determined, numerically. The applicability of Kozeny-Carman equation for the periodic porous media is investigated and the effects of porosity and pore to throat size ratio on Kozeny constant are studied. The continuity and NavierStokes equations are solved to determine the velocity and pressure fields in the voids between the rods. Based on the obtained flow field, the permeability values for different porosities from 0.2 to 0.9 and pore to throat size ratio values from 1.63 to 7.46 are computed. Then Kozeny constants for different porous media with various porosity and pore to throat size ratios are obtained and a relationship between Kozeny constant, porosity and pore to throat size ratio is constructed. The study reveals that the pore to throat size ratio is an important geometrical parameter that should be taken into account for deriving a correlation for permeability. The suggestion of a fixed value for Kozeny constant makes the application of Kozeny-Carman permeability equation too narrow for a very specific porous medium. However, it is possible to apply the Kozeny-Carman permeability equation for wide ranges of porous media with different geometrical parameters (various porosity, hydraulic diameter, particle size and aspect ratio) if Kozeny constant is a function of two parameters as porosity and pore to throat size ratios.
INTRODUCTION
Fluid flow through porous media is widely encountered in natural and industrial problems. To describe the macroscopic fluid velocity through a porous medium, an equation was proposed by Darcy (Darcy, 1856) . The so called Darcy's Law establishes a relation between average (macroscopic) velocity and the fluid macroscopic pressure drop through the porous medium. Eq. (1) is the one dimensional form of the Darcy's Law:
where K is an empirical constant called permeability and μ is fluid dynamic viscosity. Permeability depends on the micro-structure of the solid phase in the porous media and is independent of the properties of the fluid (Nakayama, 1995) . The main parameters which affect the permeability of a porous medium are porosity, pore shape (or particle shape) and the connection of pores with each other. The determination of permeability is very important for simulating flow in a porous medium and it should be a known value prior to a flow analysis for practical applications, such as flow in a porous finned receiver of a solar parabolic concentrator (Reddy and Satyanarayana, 2008) or simulation of double-diffusive natural convection in a vertical porous annulus (Kalita and Dass, 2011) . There are some proposed equations for the determination of the permeability in the literature (Xu and Yu, 2008) . One of the most common permeability equations was derived by Kozeny and Carman (Kozeny, 1927; Carman, 1937) . The Kozeny-Carman theory and the derivation of Kozeny-Carman permeability equation are summarized in the following paragraphs. The average velocity for a Hagen-Poiseuille flow in a channel with diameter of d t can be found as: (1) and (2) , the permeability value for a flow in a channel can be found as . Kozeny considered the medium as a bundle of capillary channels with the same radius. By combining Hagen-Poiseuille velocity equation with Darcy's Law and using tortuosity concept, the following equation for permeability was proposed by Kozeny (Kozeny, 1927; Kaviany, 1995) :
where τ is tortuosity. Tortuosity can be defined as the ratio of the actual length of flow path in the porous medium to the length of flow path in the absence of porous medium. The permeability equation of Kozeny was modified later by Carman and the so-called Kozeny-Carman equation was introduced to the literature. KozenyCarman equation which predicts the permeability reasonably well for the packed bed of spheres is presented as (Carman, 1937 , Kaviany, 1995 . (4) where d h is the pore hydraulic diameter and ε is porosity of the porous medium. The pore hydraulic diameter is defined as: (5) where A 0 is the ratio of the fluid-solid interfacial area to the solid volume. The symbol of k K in Eq. (4) is Kozeny constant which includes the effects of flow path (i.e., tortuosity), particle shape and their connections. Eq. (4) can be also written in terms of the particle diameter of the porous media. Literature review shows that many studies have been performed for the determination of Kozeny constant. Table 1 (Carman, 1937) . Ergun (1952) proposed the value of 150 for Blake-Kozeny constant which equals to 36k K for packed bed of spheres. The Kozeny constant was given as 7.5 for the square cylinders in crossflow, 9.5 for the cubes and 9 for the circular cylinders in cross-flow by Nakayama et al. (2007) . Li and Gu (2005) (Carman, 1937) . Different parameters such as porosity, pore to throat size ratio, geometry, size and uniformity of particles (and pores), periodicity and isotropy of porous structure play an important role in the value of tortuosity; however the value of Kozeny constant is determined based on two parameters as porosity and pore to throat size ratio in this study since the considered porous structure is isotropic, periodic and uniform. There is no doubt that additional microstructural parameters should also be taken into account for complex porous structures. The aim of the present study is to consider the effects of porosity and pore to throat size ratio firstly to understand the mechanism of flow in the porous media with rectangular rods and secondly to develop a widely applicable relationship for the determination of Kozeny constant . The study is performed for the square periodic structural units of rectangular rods with different pore to throat size ratios and porosities. The results of study show that the permeability value of two porous media having the same porosity and hydraulic pore diameter may be different from each other. Therefore, the effects of pore to throat size ratio should be involved for the development of a relation for Kozeny constant. A mathematical expression for the determination of Kozeny constant applicable to porous media having different porosity, hydraulic diameter and pore to throat size ratio is suggested. The obtained results are valid for the periodic porous media consisting of rectangular rods with inline arrangement, porosities from 0.2 to 0.9 and pore to throat size ratios values from 1.63 to 7.46. 
CONSIDERED POROUS MEDIA
The physical model for the considered porous media and the structural unit which is the computational domain are shown in Fig. 1 . The porous medium is an infinite medium which consists of rectangular rods. A periodical structural unit with the dimensions of HxH (1x1 cm 2 ) is chosen as the computational domain. The flow is assumed fully developed and periodical. The length and height of the structural unit is held constant for all studied cases in this paper. The particles (rectangular rods) are placed with in-line arrangement. The rectangular rods have dimensions of D x and D y . In this study, the pore to throat size ratio is defined as β = H / (H-D y ) and this value is changed from 1.63 to 7.46. The minimum achievable porosities for the considered β values are shown in Table 2 . As a sample, the geometrical properties of the studied structural units are given in Table 3 for porous media with porosity of 0.7. The fluid flowing through the medium is assumed to be Newtonian and incompressible with constant thermophysical properties. The fluid flow is in the laminar regime and the study is performed for the Darcian region (Re < 1). 
MICROSCOPIC AND MACROSCOPIC GOVERNING EQUATIONS
As it was mentioned above, the flow in the voids between the rectangular rods is assumed incompressible and steady. The continuity and momentum equations should be solved in order to determine the velocity and pressure fields in the voids between the rods:
where u and v are the velocity components in x and y directions ( Fig. 1) and p is pressure. ρ and ν are density and kinematic viscosity of fluid, respectively. Non-slip boundary condition is applied at the solid surfaces. Boundary conditions are chosen as symmetry for the top and the bottom of the structural unit. At the beginning, a fully developed velocity profile is defined for the fluid inlet boundary. The velocity gradient at the fluid outlet boundary is assumed zero, hence no diffusion transport exists. After solving the governing equations and obtaining the velocity and pressure distributions in the structural unit, the outlet velocity profile is substituted to the inlet boundary. This iterative procedure continues until the same velocity distribution at the inlet and outlet boundaries are obtained. The value of permeability is also calculated at each iteration step and iterative procedure also continues until no change on the value of permeability is observed. Mathematically, the defined boundary conditions can be presented as: By solving Eqs. (6) (7) (8) with the boundary conditions presented above, the velocity and pressure fields inside the pores of the structural units are obtained. In order to obtain the value of permeability, the macroscopic velocity and pressure drop values should be determined. The macroscopic velocity is defined as:
Additionally, the macroscopic pressure gradient value can be defined as (Nakayama et (15) there is a linear relationship between the dimensionless pressure drop and the inverse of dimensionless permeability. This relation is only accurate in the Darcian region in which Re < 1. Since the permeability only depends on the porous structure and independent of the fluid and flow properties, its value for a structural unit should be a constant. Consequently, the value of dimensionless pressure drop should be identical for all values of Re number below 1. Moreover, in order to use the same legend for all the presented pressure distributions in the structural units, the normalized pressure drop is defined as: (16) 
NUMERICAL PROCEDURE
The continuity and Navier-Stokes equations (Eqs. 6-8) are solved by using Ansys 12.1. The power law scheme was used for the treatment of the convective term in the momentum equation and SIMPLE scheme is used to treat the pressurevelocity coupling. The residual convergence criterion is set to 10 -9 . The discretization interval is chosen to be 0.02 mm, resulting in 501x501 of grids for the entire domain. The study is performed for air with density of 1.205 kg/m 3 and dynamic viscosity of 18.21
. 10 -6 kg/ms. The considered Reynolds numbers are lower than 1. After finding periodic velocity distributions in the structural units, the macroscopic pressure drops and velocities are calculated by using Eqs. (13) and (14) . Finally, the permeability is found by using Eq. (15) with computed values of macroscopic pressure gradient and macroscopic velocity. To determine Kozeny constant, Eq. (4) with the obtained permeability values and the pore hydraulic diameters of the porous media are used. Although the dimensional equations are solved in this study, the results and suggested correlation are presented based on dimensionless geometrical parameters (see Table 3 ) for generalization of the obtained results. 
RESULTS AND DISCUSSION
The change of dimensionless pressure drop with Re number for the considered ε and β values are checked to ensure that the Darcy's Law is valid and the considered cases are in Darcy Region. The dimensionless pressure drop does not vary with Re number for the region of Re < 1 which is Darcian region. The value of dimensionless pressure drop increases with decrease of porosity or increase of pore to throat size ratio. For example, the value of dimensionless pressure drop increases from 1069.4 to 2257.4 by decrease of ε from 0.9 to 0.7 for β = 7.46. Similarly, the value of dimensionless pressure drop increases from 50.44 to 2257.4 by increase of β from 1.63 to 7.46 for ε = 0.7. There are two cases in this study which have the same porosity, hydraulic pore diameter and equivalent particle diameter but different pore to throat size ratios. Geometrical properties of these cases are given in Table 3 . The structural units with pore to throat size ratios of 1.63 and 4.44 for the porosity of 0.7 have the same hydraulic and particle diameters. Hence the expected result is the same permeability value for these two structural units. However, the dimensionless pressure drop values for these structural units are approximately ten times different from each other (50.44 for β = 1.63 and 583.45 for β = 4.44). The value of permeability is generally considered a function of porosity in the literature but the present results show that the permeability does not only depend on the porosity. The effects of pore throat size ratio should also be taken into account in order to find a general relationship for determination of permeability. In order to understand the change of flow field in the voids between the rods, the streamlines and the normalized pressure distributions in the structural units with β = 7.46 but various porosities are shown in Fig. 4 . The normalized pressure distributions are presented by colour contours and the legend on the top of the figures is valid for all cases of Fig. 4 . The normalized pressures at the inlets are around 1 for all cases.
As can be seen from the normalized pressure distributions, the highest pressure drop occurs in the porous medium with ε = 0. shown in Fig. 6 . As expected, the dimensionless pressure drop increases with the increase of β while it decreases with the increase of porosity value.
The dimensionless pressure drop is defined based on the structural unit dimension (i.e., H). This value is the same for all studied structural units of the present study. However, in order to find Kozeny constant, Eq. (4) should be used in which the permeability is defined based on the hydraulic diameter. The variation of Kozeny constant with porosity is illustrated in Fig. 7 for the pore to throat size ratios studied in this work. As can be seen from this figure, the value of Kozeny constant depends on both ε and β. Almost a linear variation of Kozeny constant with porosity is observed for all values of pore to throat size ratio at low porosities (i.e., ε < 0.7). However, the slope of Kozeny constant with ε is changed for ε > 0.7. An attempt is made to obtain a general equation for Kozeny constant based on pore to throat size ratio and porosity. As can be seen from is determined and plotted with respect to ε. As seen from Fig. 8 , the computed results (based on the proposed model) linearly changes with ε when ε < 0.7. Although the computed values for ε ≥ 0.7 do not fit the solid line as well as for ε < 0.7, a good agreement can still be observed. This linear relationship between the computed values from the proposed model and ε exists if only the Kozeny constant is determined as a function of both porosity and pore to throat size ratio. Hence, the suggested relation for determination of Kozeny constant can gather the effects of both porosity and pore to throat size ratio into a single mathematical relation and provides acceptable results for calculation of permeability for wide ranges of porosity and pore to throat size ratio of porous media. It should be mentioned that the proposed relation is valid only for a porous medium with rectangular rods in a periodic inline arrangement and square structural unit. (5) and (17) with KozenyCarman permeability equation.
CONCLUSIONS
The effects of the pore to throat size ratio on the permeability and Kozeny constant in porous media consisting of rectangular rods are investigated, numerically. The continuity and momentum equations are solved for the studied structural units, and the velocity and pressure fields are presented. It is observed that the flow penetrates to the gaps between bars in the flow direction by increasing porosity or pore to throat (18) (19) size ratio. A detailed literature review is performed and it is found that Kozeny constant was suggested either as a constant value or a function of porosity which is valid for a narrow range of geometrical parameters of a specific porous medium. For two porous media with the same porosity and hydraulic diameter (d h /H = 1.207, ε = 0.7), the values of permeability changes when values of β is different (i.e., β =1.63 and 3.04). Hence, Kozeny constant cannot depend only on porosity and the effect of pore to throat size ratio (i.e. β) should be taken into account to enhance the applicability of KozenyCarman equation for wide ranges of the geometrical parameters. Moreover, an equation for Kozeny constant in terms of porosity and pore to throat size ratio is suggested for the studied periodic structure. The proposed equation provides accurate results for the determination of the permeability for porosity range from 0.2 to 0.9 and pore to throat size ratio values from 1.63 to 7.46. For further studies, the aspect ratio of the structural unit may be changed and the effect of pore to throat size ratio on the permeability for the periodic porous media with different aspect ratios of structural unit can be investigated. Future investigations may be done on the relationship between tortuosity and porosity and pore to throat size ratios to provide further understanding of the effect of pore to throat size ratio on permeability.
